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Emission line intensities in the UV and visible wavelength range have been measured in the initial
and final stages of a discharge in the Large Helical Device ~LHD! @O. Motojima et al., Phys.
Plasmas 8, 1843 ~1999!#. From these results combined with Te and ne, which are determined
spectroscopically, the ionization and recombination fluxes of hydrogen and helium are estimated in
the region of high line emissivities. The temporal behavior of line-averaged ne which is evaluated
from these fluxes is found to be consistent with the results of the interferometer measurement. This
implies that in such transient stages of the plasma the temporal variation of ne is dominated by the
atomic ionization-recombination processes rather than the particle transport or diffusion. On the
basis of that characteristic in LHD, the line-averaged ion densities for hydrogen and helium just
before the termination of the plasma heating are determined. Thus, a method of the density
determination of the fueling gas and of the ash is suggested for future fusion devices. © 2003
American Institute of Physics. @DOI: 10.1063/1.1566024#I. INTRODUCTION
With the help of collisional-radiative ~CR! model calcu-
lations, we have shown in a previous article that an emission
line intensity serves as a measure of the ionization flux or the
recombination flux of atoms or ions so that the magnitude of
these fluxes can be estimated spectroscopically.1 In the same
article, we have presented the proportionality factors be-
tween some representative emission lines and the ionization
and the recombination fluxes for neutral hydrogen and neu-
tral and ionized helium, which are the important constituents
of fusion plasmas. In the present study we extend our work
to establish a method of determining the hydrogen and he-
lium ion densities from the ionization and recombination
fluxes for these atoms and ions.
As the target of this attempt we took a plasma in the
Large Helical Device ~LHD!, which is a heliotron type de-
vice for fusion study.2 In LHD, the magnetic field for plasma
confinement is externally given and essentially steady even
in the transient state such as the initial and final stages of
discharges, so that the temporal variation of the electron den-
sity or the ion density is considered to be dominated by the
atomic ionization and recombination processes, at least in a
short time scale. Thus, the LHD plasma is an ideal light
source to realize our objective.1401070-664X/2003/10(5)/1402/9/$20.00
Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject toIn LHD it has been known that a significant amount of
helium is mixed into the plasma, since glow discharge clean-
ing ~GDC! with helium gas is performed before the main
discharges; this is necessary because of the relatively low
baking temperature (90 °C) of the vacuum vessel wall. How-
ever, a quantitative measurement of the amount of helium
ions has not been done. Meanwhile, in the experiment of the
ion cyclotron heating ~ICH!, the minority proton heating re-
gime is achieved using helium ions instead of deuterons.3
Since the heating efficiency is known to depend on the ion
density ratio of hydrogen to helium, an accurate ion density
ratio is needed. Our method is found to be useful for these
purposes. In the final section, we present the result of our
attempt to estimate the individual ion densities for hydrogen
and helium.
II. EXPERIMENTAL SETUP
For the present experiment, the nominal magnetic field
strength, Bax , and the radius of the magnetic axis, Rax , are
2.64 T and 3.75 m, respectively. Helium gas is introduced
into the vacuum vessel to the background pressure of the
order of 1023 Pa. A discharge is started with the electron
cyclotron heating ~ECH! and the plasma is sustained with the
neutral beam injection ~NBI!. After the ignition of the2 © 2003 American Institute of Physics
 AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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the plasma density is increased. Though only helium gas is
introduced into the vacuum vessel, a significant amount of
hydrogen is found to be mixed into the plasma; this is due to
the NBI and also to recycling from the wall.
In the initial and final stages of the discharge, spectra in
the UV and visible wavelength range are observed. The
viewing chord almost coincides with the major axis of the
elliptical poloidal cross section of the plasma elongated in
the major radius direction, as shown in Fig. 1. The field of
view is collimated with a lens so that the spatial resolution is
about 30 mm. The collected light is guided with an optical
fiber having 100 mm diameter to a 50 cm Czerny-Turner-
type spectrometer ~Chromex 500is! equipped with a 150
grooves/mm grating. A CCD ~charge coupled device: Andor
DU-420UV! is used as the detector and the wavelength range
of 200 nm–550 nm is measured simultaneously.
For the measurement the so-called ‘‘fast kinetic mode’’
of the detector is utilized, in which only a narrow layer on
the CCD detector surface is exposed and the accumulated
electric charges are sequentially shifted with a designated
shifting rate. The shifted charges are stored in the remaining
area of the CCD and read out as the storage area becomes
full. In the following measurement the time duration of about
1.2 s for each of the initial stage and the final stage of the
discharge is measured with a sampling rate of 200 spectra
per second.
The absolute sensitivity of the observation system has
been calibrated with a standard tungsten lamp ~Eppley Labo-
ratory! and a standard deuterium lamp ~Optronic Laborato-
ries! in combination with a diffuser plate made of the ‘‘white
reflectance cating’’ ~KODAK 6080! which has a reflection
efficiency of higher than 93% in the wavelength range of
longer than 250 nm. We observed the reflected light from the
plate irradiated by each of the standard lamps with the same
observation system as used in the actual measurement. Thus,
the sensitivity of the system was determined.
III. COLLISIONAL-RADIATIVE MODEL
According to the idea of the CR model, the excited level
population, n(p), of level p is expressed as a summation of
two terms as
FIG. 1. Magnetic surfaces for the configuration of Rax53.75 m at the cross
section for the present observation. The R and Z axes indicate the major
radius direction and the direction perpendicular to the equatorial plane, re-
spectively. The viewing chord is indicated with an arrow.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject ton~p !5R0~p !neni1R1~p !nen0 , ~1!
where R0(p) and R1(p) are functions of ne and Te , and
called the population coefficients. n0 is the ground state den-
sity of the atom or the ion under consideration, and ni is the
density of the next ionized stage ion. The first and second
terms are called the recombining plasma component and the
ionizing plasma component, respectively. The photon emis-
sion rate of the p→q transition, A(p ,q)n(p), where A(p ,q)
is the spontaneous transition probability, is written as
A~p ,q !n~p !5A~p ,q !@R0~p !neni1R1~p !nen0# ~2!
5«0neni1«1nen0 . ~3!
Here, «0 and «1 are called the photon emission rate coeffi-
cients. The temporal developments of n0 and ni are ex-
pressed in the CR model as
dn0
dt 52
dni
dt 52SCRnen01aCRneni , ~4!
where SCR and aCR are called the CR ionization and recom-
bination rate coefficients, respectively.
From here, we take hydrogen as an example and con-
sider the ionizing plasma and the recombing plasma, sepa-
rately. In the ionizing plasma, the time derivative of the pro-
ton density, dnH1 /dt , is expressed as
dnH1
dt 5SCRnenH0, ~5!
where nH0 is the ground state density of neutral hydrogen.
On the other hand, the line intensity, IH , is defined as the
photon emission rate of the ionizing plasma component, and
is written as
IH5«1nenH0 . ~6!
As a result, Eq. ~5! is rewritten as
dnH1
dt 5k1IH , ~7!
where k1 stands for SCR /«1.
In the recombining plasma, dnH1 /dt is expressed as
dnH1
dt 52aCRnenH1 . ~8!
The line intensity of neutral hydrogen in a recombining
plasma is expressed as
IH5«0nenH1 , ~9!
and Eq. ~8! is rewritten as
dnH1
dt 52k0IH , ~10!
where k0 stands for aCR /«0.
The reliability of the CR model code naturally depends
on the accuracy of the atomic data in it. The electron impact
excitation cross sections are most critical and we took special
care and adopted the best available data at present. For neu-
tral hydrogen the code has been developed by Sawada.4 The
excitation cross section data in it are based on Johnson’s AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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are adjusted to give the best fit with the other available the-
oretical and experimental data. For neutral helium, the code
which was originally constructed by Fujimoto6 and recently
revised by Goto7 is used. In this code the excitation cross
section data that are calculated with the convergent close
coupling ~CCC! method8–10 and are parametrized for practi-
cal use11 are adopted. For ionized helium, the COLRAD
code12,13 designed for general hydrogenlike ions is em-
ployed, but we have improved the excitation cross section
data in it1 by replacing them with the Fisher’s semi-empirical
data.14 The COLRAD code has an option with which the fine
structure levels up to n54, where n is the principal quantum
number, are treated separately, but here we do not use this
option and consider only the n-resolved levels up to n550.
IV. RESULTS
A. Initial stage—ionizing plasma
Figure 2~a! shows the temporal variations of the emis-
sion intensities of the HI l 486.1 nm (n52 –4), HeI l 447.1
nm (2 3P –4 3D), and HeII l 468.6 nm (n53 –4) lines. The
measured line intensities, which are line-integrated along the
viewing chord, are divided by the chord length (;1.8 m) to
give line-averaged values. The ECH injection with resonance
near the magnetic axis starts at t50.15 s and the NBI is
superposed from t50.3 s. The gas-puffing of helium starts
at t50.2 s. The line emissions appear instantaneously with
the ECH injection and almost quench in a moment. Though
FIG. 2. Temporal variations of ~a! the photon emission rates of the HI l
486.1 nm, HeI l 447.1 nm, and HeII l 468.6 nm lines and ~b! contributions
to the electron density from neutral hydrogen, @ne#H0, neutral helium,
@ne#He0, and ionized helium, @ne#He1 in the initial stage of the discharge. For
the latter, summation of all the contributions, @ne#H,He , and the line-
averaged electron density measured with the interferometer, neFIR , are also
shown.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject tono hydrogen gas is supplied into the plasma at this moment,
a rather strong line emission of neutral hydrogen is observed.
This hydrogen emission is assumed to come from the re-
sidual hydrogen gas in the vacuum vessel. As the main gas-
puffing of helium is started, the intensities of helium lines
increase again.
Since the measured signal is line integrated, there re-
mains an ambiguity about the position of the emission re-
gion. In fact, we have 40 parallel viewing chords including
the one used in the present measurement15 and they cover the
entire plasma cross section in Fig. 1. The spectra from all the
chords can be simultaneously measured with a lower sam-
pling rate, e.g., 5 Hz. In such measurements, we have con-
firmed that the emission region starts from the central region
and expands in the initial stage, and in the final stage it
shrinks to the central region. In addition to that, we have
measured the Zeeman splittings of emission lines as men-
tioned later, and they indicate the emission region resides
near the magnetic axis in these stages of a discharge.
In the initial stage of the present discharge, the emission
line intensity reflects the ionization flux,1 or in other words,
the electron production rate of the respective atoms or ions.
Owing to the externally produced steady-state magnetic field
in LHD, electrons produced in the confinement region are
expected to be accumulated in the plasma. If this is the case,
the line intensity indicates the rate of increase in the electron
density. Indeed, the 11-chord far-infrared ~FIR! interferom-
eter system16 indicates the electron density grows up from
the central region.
In order to simplify the consideration, we assume here a
homogeneous plasma. By integrating Eq. ~7!, we obtain
nH1~ t !5@ne#H0~ t !5E
0
t
k1~ t8!IH~ t8!dt8, ~11!
where @ne#H0 is the contribution from neutral hydrogen to
ne . Figure 3~a! shows the dependences of k1 on Te and ne .
The Te and ne values necessary to determine k1 are evalu-
ated from the line intensity ratios of neutral helium7,17,18 for
a different but similar discharge. The results are shown in
Fig. 4. For the density, the line-averaged result, which is
measured on the center chord of the interferometer system,
ne
FIR
, is also shown and it is found that in the time region
t,0.3 s both the results agree well and later they deviate
from each other. It should be remembered here that the in-
terferometer measurement gives the line-averaged values
along the viewing chord, while our results give the param-
eters at the location of the dominant atom emissions. The
discrepancy can be understood from this. Their good agree-
ment for t,0.3 s indicates that the atom emissions and ion-
ization processes take place in the same central plasma re-
gion. The subsequent discrepancy between these data
suggests that those atomic processes take place in the plasma
edge region, which is likely outside the last closed magnetic
surface ~LCMS!.15 Most of the electrons and ions produced
outside the LCMS are thought to be immediately trapped by
the magnetic field and led to the divertor plates without con-
tributing to the density increase of the main plasma.19 We
must bear this fact in mind. Anyway, since our interest is AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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sion line intensity, the Te and ne values obtained from the
helium lines are more appropriate.
We determine k1 from Fig. 3~a! with the obtained Te and
ne values, and evaluate the right-hand side of Eq. ~11!. Simi-
lar analyses for neutral and ionized helium are also carried
out with the k1 values shown in Figs. 3~b! and 3~c!. Figure
2~b! shows their contributions to the electron density which
are designated as @ne#H0, @ne#He0, and @ne#He1. The summa-
tion of all the components, @ne#H,He , that corresponds to the
contributions from hydrogen and helium to the total electron
density is shown with the thick solid line in Fig. 2~b!. In the
same figure ne
FIR is also shown. If the plasma is homoge-
neous, @ne#H,He is directly comparable with ne
FIR
, but such
an assumption is not substantiated for real plasmas even in
the time range where the ionization processes take place in
the main plasma region. It is, however, worth mentioning
that since the viewing chord of the interferometer is geo-
metrically similar to ours, the comparison is still meaningful.
In Fig. 2~b! it is readily noticed that the temporal behaviors
of both the results are similar in the time region t,0.25 s.
Though the absolute values are different by a factor of about
2, we judge the agreement is satisfactory considering the
facts that the geometries are not identical and the influences
of impurity ions are completely ignored in the present analy-
sis. In the later time period the rate of increase in @ne#H,He is
larger than ne
FIR ; this is probably because the electrons pro-
duced in the dominant emission region of hydrogen and he-
lium no longer contribute to the increase in the electron den-
sity of the well-confined region.
FIG. 3. Dependences of k15SCR /«1 on Te and ne for ~a! the HI l 486.1
nm, ~b! HeI l 447.1 nm, and ~c! HeII l 468.6 nm lines.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject toIt is worth pointing out that, in the time region of t
.0.3 s, the rates of increase in @ne#He0 and @ne#He1 coin-
cide. This indicates the same magnitudes of the ionization
flux of neutral helium and that of ionized helium. In the
parameter ranges of this time region, the effective ionization
time of ionized helium is estimated to be about 1024 s from
calculation with the COLRAD code. According to Ref. 15
most of the neutral helium is ionized outside the LCMS, and
its atom temperature is about 300 K which corresponds to a
thermal velocity of 1.43103 m/s. These values suggest that
He1 ions move about 10 cm–20 cm before being ionized
once more. On the other hand, when the produced helium
ions move along the magnetic field line, the distance to the
divertor plates is in the range of 10 m–103 m ~Ref. 20!.
Therefore it is expected that though helium is usually first
ionized outside the LCMS, it has enough time to be fully
ionized before finally arriving at the divertor plates. The ob-
served identical ionization fluxes of neutral and ionized he-
lium are thus explained.
We have used throughout the plasma parameters mea-
sured with the spectroscopic method, and the electron tem-
perature has not been cross-checked with other measure-
ments. Here, we estimate the influence of the error of the
electron temperature on the final result. In the measurement
of the electron temperature, the strong Te dependence of the
line intensity ratio between the 2 1P –3 1S and 2 3P –3 3S
lines are exploited. Since the density is relatively low, the
populations of the upper levels of these transitions, 3 1S and
3 3S , are mainly formed by the electron impact excitation
from the ground state and the reliability of the result heavily
depends on the cross section data used in the CR model
code. For these transitions the CCC data incorporated in the
FIG. 4. Temporal variations of ~a! Te and ~b! ne in the initial stage of the
discharge deduced from the line intensity ratios of neutral helium. The in-
terferometer measurement, ne
FIR
, is also shown in ~b!. AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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perimental data, and are considered to be highly reliable. In
the time region of t,0.3 s, the obtained Te values have a
relatively large uncertainties due to weak signals. However,
even if Te is changed by 50%, the estimated ionization flux
is changed by less than 10% for neutral hydrogen and less
than 50% for neutral and ionized helium. In this time region
the contributions from these three species to @ne#H,He are
similar, and hence the uncertainty of @ne#H,He is at largest
about 30%. This might be one of the reasons for the discrep-
ancy between @ne#H,He and ne
FIR in Fig. 2~b!.
B. Final stage—recombining plasma
In the final stage of a discharge, the emission lines of
ionized helium terminating on n53 and n54 levels are
found to be rather strong. Since the wavelengths of the
Balmer series lines of neutral hydrogen are so close to those
of the ionized helium lines for the n54 –p transitions, where
p is even, that an independent measurement of the hydrogen
Balmer series lines is impractical with the observation sys-
tem employed here. However, as mentioned later the inten-
sity of the HI l 486.1 nm line, for example, can be estimated
as the difference between the measured and the theoretically
expected intensities of the HeII (n54 –8) line.
Figure 5~a! shows the temporal variations of the emis-
sion intensities for the HI l 486.1 nm, HeI l 447.1 nm, and
HeII l 541.2 nm (n54 –7) lines in the final stage of the
same discharge as the one analyzed in the previous section.
The reason why the l 541.2 nm line is used for ionized
FIG. 5. Temporal variations of ~a! the intensity for HI l 486.1 nm, HeI l
447.1 nm, and HeII l 541.2 nm lines and ~b! the evaluated ion densities,
nH1 , nHe1 , and nHe21 in the final stage of the discharge. For the latter,
summation of the contributions to the electron density from hydrogen and
helium, @ne#H,He , and the interferometer measurement, neFIR , are also
shown.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject tohelium instead of the l 468.6 nm line, which was used for
the ionizing plasma case, is explained later. Though the NBI
heating is terminated at t52.8 s, the electron density is found
to be kept almost unchanged during about 200 ms. The in-
tensity peaks of the neutral lines delayed a little as compared
with the ionized helium line and decay rather slowly.
In this case the line intensity reflects the recombination
flux of the respective atoms or ions.1 Here, we consider the
temporal variation of the ion density assuming a homoge-
neous plasma again. By integrating Eq. ~10!, we obtain nH1
as a function of time as
nH1~ t !5E
t
‘
k0~ t8!IH~ t8!dt8, ~12!
where nH150 for t→‘ is used. A similar consideration is
valid for He21 and He1, and their densities, nHe21 and nHe1 ,
are respectively expressed as
nHe21~ t !5E
t
‘
k0~ t8!IHe1~ t8!dt8, ~13!
and
nHe1~ t !5E
t
‘
k0~ t8!IHe~ t8!dt82nHe21~ t !, ~14!
where IHe and IHe1 are the line intensities of neutral and
ionized helium, respectively.
The dependences of k0 on Te and ne for the present
three emission lines are shown in Fig. 6. The plasma param-
eters necessary to determine k0’s are estimated from the
population distribution over the excited levels of He1 and
FIG. 6. Dependences of the k05aCR /«0 on Te and ne for ~a! the HI l
486.1 nm, ~b! HeI l 447.1 nm, and ~c! HeII l 541.2 nm lines. AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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tions over the several excited levels for He1 that is divided
by the statistical weights. The populations of the levels n
54 to n56 are deduced from the line intensities of the
transitions terminating on n53 and others are deduced from
those terminating on n54. The apparent population densi-
ties for the n58, 10, and 12 levels are found rather large as
compared with those of the other levels. This is interpreted
as due to the blended Balmer series lines of neutral hydro-
gen. With the help of calculations with the COLRAD code, Te
and ne values are obtained so as to obtain the best fit of the
calculated population distribution to the measured one except
the n58, 10, and 12 levels.
The n54 level density cannot be fitted with any reason-
able parameters. There are several possibilities for this, e.g.,
an influence of the ionizing plasma component, a contribu-
tion from the charge exchange recombination processes with
excited hydrogen atoms, and so on, but the reason is still
unclear. Roughly speaking, Te is determined from the slope
of the populations in the highly excited levels, for which the
Saha–Boltzmann distribution21 is a good approximation and
ne is determined from their distribution profile near the peak
level of population. Considering this procedure of the param-
eter determination, we conclude that even if we disregard the
discrepancy in the n54 level population between the experi-
mental and calculation results, the deduced parameters are
accurate enough for the present purpose. This fact suggests
that the intensity of the HeII l 468.6 nm (n53 –4) line is
inappropriate to be used in the following analyses and we
judge the HeII l 541.2 nm (n54 –7) line to be more pref-
erable. The obtained Te and ne and the corresponding popu-
lation distribution profile normalized to the level n57 are
shown in Fig. 7. The difference between the measured and
FIG. 7. Temporal variations of the excited level populations divided by the
statistical weights for He1 obtained in the final stage of the discharge ~sym-
bols!. Also shown are the Te and ne values estimated with the help of the
CR model code, and the calculation results of the populations with the
obtained parameters which are normalized to the experimental data for the
n57 level ~dashed lines!.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject tocalculated populations for n58 is regarded as the contribu-
tion from the neutral hydrogen line. The intensity of the HI l
468.1 nm line in Fig. 5~a! is thus estimated.
For neutral helium Te and ne are determined in a similar
method for the n 3D levels (n>4). Their populations are
deduced from the intensities of the emission lines accompa-
nying the transitions terminating on the 2 3P level. The de-
termined plasma parameters and the population distribution
profile normalized for the level 4 3D are shown in Fig. 8.
The experimental results of the n55 population in the time
range of t53.05 s–3.07 s clearly deviate from the calcula-
tion results. The difference is found to be as due to the in-
fluence from the HeII (n54 –13) line, and hence this level is
disregarded in the fitting. The obtained Te and ne from both
the neutral and ionized helium are shown in Fig. 9 as a
function of time. For the density, in the comparison with the
FIG. 8. Similar to Fig. 7, but for the HeI n 3D levels in ~a! t
53.05–3.09 s and ~b! t53.10–3.18 s. The calculation results are normal-
ized to the experimental data for the 4 3D level. AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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crepancy is seen especially in the early time range. We must
remember here again that both of the results do not neces-
sarily coincide with each other for the same reason men-
tioned in Sec. IV A, and for the evaluation of the recombi-
nation fluxes our results are appropriate. The data in Fig. 9
are respectively fitted with an exponential function and the
results are shown in the same figure with dashed lines.
From the results in Figs. 6 and 9, k0’s are determined for
the three emission lines, and with the line intensities in Fig.
5~a! the temporal variations of the individual ion densities
are obtained according to Eqs. ~12!–~14!. The results are
shown in Fig. 5~b!. The contribution from hydrogen and he-
lium to the total electron density, @ne#H,He , is given by
@ne#H,He5nH11nHe112nHe21 , ~15!
and the result is shown in Fig. 5~b!. In the same figure neFIR
is also shown. The temporal behavior of @ne#H,He is similar to
that of ne
FIR
, and the latter is larger than the former by a
factor of 1.5 to 2. We judge the agreement is satisfactory for
the same reasons as given in the preceding section, and some
further considerations will be made in the next section. How-
ever, it can at least be said that, from the similar decay times
of @ne#H,He and ne
FIR
, the decrease in the electron density is
dominated not by the particle transport, but by the atomic
recombination processes. This is a remarkable feature of he-
lical devices in which the steady-state magnetic field for the
plasma confinement is present irrespective of the plasma sta-
tus.
V. DETERMINATION OF THE ION DENSITIES
In LHD, even if the discharges are made only with the
gas puffing of hydrogen, helium emission lines are observ-
able as the GDC has been conducted prior to the daily ex-
periment, for example. Helium is thought to have been accu-
mulated on the vacuum vessel wall during the GDC or the
preceding experiments with helium gas. However, no quan-
titative evaluation of the amount of helium in the plasma has
been made so far. In Sec. IV B it is found that the temporal
decrease of the electron and ion densities in the final stage of
FIG. 9. Temporal variations of Te and ne in the final stage of the discharge
as a result of the population calculations in Figs. 7 and 8. Dashed lines are
the results of the least squares fitting with an exponential function. Dotted
line shows ne
FIR which is the same as shown in Fig. 5.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject tothe discharge is dominated by the recombination processes,
and the temporal integration of the recombination flux that is
evaluated from the emission line intensity over the recom-
bining phase leads to the ion density just before the plasma
termination. Here, we focus on the ion densities for hydrogen
and helium and their ratio obtained by this method.
For this purpose it is enough to measure the intensity of
one emission line for each of neutral hydrogen and ionized
helium since both the ions can be assumed to be fully ionized
during the main discharge @see Fig. 5~b!#. However, with the
observation system used for the measurement in the preced-
ing sections, it is difficult to determine the line intensities of
neutral hydrogen because they are blended with the ionized
helium lines. The wavelengths of the two blended lines are
slightly different due to the different nuclear mass, and hence
they can be separately observed if a sufficiently high wave-
length resolution measurement is carried out. Figure 10
shows an example of the line profiles for the HI l 656.3 nm
and HeII l 656.0 nm (n54 –6) lines observed in the final
stage of a discharge with a 1.33 m spectrometer ~McPherson
Model 209! having a 1800 grooves/mm grating. The viewing
chord is the same as the one used in the preceding sections.
The lines exhibit Zeeman profiles which indicate the mag-
netic field strength of about 2.4 T. This field strength corre-
sponds to the location near the plasma center. In this mea-
surement we do not utilize the ‘‘fast kinetic mode.’’ Instead
the signals of several horizontal lines of pixels on the CCD
that covers all of the optical fiber image are summed and are
read out periodically. The sampling rate is five frames per
second. The recombining plasma is usually observed over
two or three frames, and the summation of those signals is
regarded as the total intensity in the recombining phase. The
coefficient k0 for these two lines is shown in Fig. 11. Taking
account of the plasma parameters deduced in Sec. IV B, we
employ here fixed values for k0 : k057 for neutral hydrogen
and k0550 for ionized helium.
Figure 12~a! shows the ratio, nHe21 /(nH11nHe21), ob-
tained for a series of discharges. For the gas-puffing, helium
gas is used for the shot numbers of 30 736–30 750, and hy-
drogen gas is used for others. In Fig. 12~b!, the ne
FIR values
just before the plasma termination are shown. It is readily
found that helium ions initially predominate over protons
even after the fuel gas is changed to hydrogen. The fraction
FIG. 10. An example of line profiles for the HI l 656.3 nm and HeII l
656.0 nm lines observed in the final stage of a discharge with the high
wavelength resolution measurement. AIP license or copyright; see http://pop.aip.org/pop/copyright.jsp
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increases beyond 531019 m23, and this value is kept almost
unchanged since then. We have also tried hydrogen ice pel-
lets injection to increase the density, but the situation is com-
pletely unchanged. The ne
FIR values momentarily reach a
peak value of 231020 m23 just after the pellet injection or
about 1.5 s before the plasma termination. The fraction of
helium ions is probably more reduced at this moment. Even
so the remaining part of the discharge and the following
FIG. 11. Dependences of k05aCR /«0 on Te and ne for the ~a! HI l 656.3
nm and ~b! HeII l 656.0 nm lines.
FIG. 12. Variation of ~a! the ratio, nHe21 /(nH11nHe21) and ~b! neFIR for a
series of discharges. Open triangles and open and filled squares indicate the
discharges with helium gas-puffing, hydrogen gas-puffing, and hydrogen ice
pellets, respectively.Downloaded 02 Mar 2009 to 133.75.139.172. Redistribution subject todischarges are unaffected with regard to the abundance of
helium ions. It is worth mentioning that when we employ
hydrogen gas instead of helium gas for the glow discharge
cleaning, it is found that the fraction of helium ions is re-
duced to be less than 1 % in the subsequent experiment.
The summation, nH112nHe215@ne#H,He , represents the
contribution of hydrogen and helium to the total electron
density. In Fig. 13, @ne#H,He for the results in Fig. 12 is plot-
ted against ne
FIR
. It is seen that the agreement between
@ne#H,He and ne
FIR is better in high density cases and this
suggests that the plasma purity is better for higher density
discharges. It should be noted here that the dependences of
k0 on the plasma parameters are ignored here. According to
Fig. 11, they have larger values in the low density range than
the fixed ones employed here. This fact could be one of the
reasons for the discrepancy in the low density range in Fig.
12. In this case, however, the influence of the parameter de-
pendences of k0 is too small to explain it. According to Fig.
13, a half of the electrons originate from the impurities at
ne
FIR5131019 m23. In order to make the results certain, it
would be necessary to determine the amount of impurity ions
directly. The present method to determine the ion density of
hydrogen and helium is also applicable to the impurity ions.
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